Iron(IV)hydroxide pK a and the Role of Thiolate Ligation in C-H Bond Activation by Cytochrome P450
Timothy H. Yosca, Jonathan Rittle, Courtney M. Krest, Elizabeth L. Onderko, Alexey Silakov, Julio C. Calixto, Rachel K. Behan, Michael T. Green* Cytochrome P450 enzymes activate oxygen at heme iron centers to oxidize relatively inert substrate carbon-hydrogen bonds. Cysteine thiolate coordination to iron is posited to increase the pK a (where K a is the acid dissociation constant) of compound II, an iron(IV)hydroxide complex, correspondingly lowering the one-electron reduction potential of compound I, the active catalytic intermediate, and decreasing the driving force for deleterious auto-oxidation of tyrosine and tryptophan residues in the enzyme's framework. Here, we report on the preparation of an iron(IV)hydroxide complex in a P450 enzyme (CYP158) in ≥90% yield. Using rapid mixing technologies in conjunction with Mössbauer, ultraviolet/visible, and x-ray absorption spectroscopies, we determine a pK a value for this compound of 11.9. Marcus theory analysis indicates that this elevated pK a results in a >10,000-fold reduction in the rate constant for oxidations of the protein framework, making these processes noncompetitive with substrate oxidation.
T he cytochrome P450 class of thiolateligated heme proteins uses dioxygen and the formal equivalents of molecular hydrogen (2H + + 2e -) to oxidize a broad spectrum of biologically active molecules. P450s are potent catalysts. They have been likened to a biological blowtorch for their ability to oxidize chemically inert hydrocarbons (1) . Compound I, the active intermediate in P450 catalysis, is capable of cleaving unactivated C-H bonds with an observed rate constant of 1. . The oxidation of bound substrate can exceed 1000 s −1 (2) . A major goal of bioinorganic chemistry has been to elucidate the factors that govern these transformations (3) (4) (5) .
Experiments have shown that, during the course of productive C-H bond activation, compound I abstracts hydrogen from substrate to yield an iron(IV)hydroxide species (compound II) and a substrate radical ( Fig. 1) (2, 6 ). An enigmatic aspect of P450 catalysis is the enzyme's ability to perform this demanding oxidation E -′ CH=C•~1 .5 V (7, 8) without damage to its own relatively fragile protein framework: The oxidation of tyrosine and tryptophan residues found throughout the tertiary structures of these enzymes represents an energetically favorable "short circuit" for compound I's oxidizing equivalents. Indeed, tyrosine oxidation (E -′ Tyr-OH=O• ), which is known to dominate nonproductive decay in P450s, requires~13 kcal/mol less driving force than alkane oxidation (9) (10) (11) .
These unfavorable thermodynamics prompt a kinetic explanation of P450's preference for C-H bond activation. However, the intramolecular oxidation of tyrosine via long-range proton-coupled electron transfer (PCET) can be rapid, with rate constants approaching 10 6 s −1 (12) (13) (14) . Given rate constants of this magnitude and the substantial difference in pathway energetics, what mechanism precludes nonproductive oxidations of the protein framework and biases P450 toward substrate C-H bond activation?
We have argued that P450's axial thiolate ligand promotes C-H bond activation through the generation of basic iron(IV)oxo (or ferryl) species (15, 16) . To understand this proposal, it is useful to consider the free energies of the productive and nonproductive pathways illustrated in Fig. 1 . The driving force for C-H bond activation, DG p , is given by the difference between the energies of the C-H bond broken, D(C-H), and the O-H bond made, D(O-H) (Eq. 1).
In heme systems, D(O-H) is determined by the one-electron reduction potential of compound I and the pK a (where K a is the acid dissociation constant) of compound II, making DG p a function of both of these thermodynamic parameters (Eq. 2). C is a constant that depends on the solvent and reference electrode. Its value is 57.6 for aqueous solution with E°versus normal hydrogen electrode (NHE) (8) .
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In contrast, DG np , the driving force for nonproductive oxidations, is determined by the oneelectron reduction potential of compound I, E -I , and the proton-coupled reduction potential of tyrosine (E -′ Tyr , which includes the energetics of proton transfer to a basic residue or solvent, shown as B: in Fig. 1) (Eq. 3) .
This means that a change in the compound II pK a alters the energetics of the system. To illustrate this point, we construct the relative free energy, DG rel (Eqs. 4 and 5 and supplementary materials eqs. S20 to S25), which is the difference between the free energies of the productive and nonproductive pathways. The sign of DG rel indicates the thermodynamically preferred process. When DG rel < 0, the productive pathway is preferred. Note that DG rel is independent of the reduction potential of compound I. For a given tyrosine potential, DG rel depends only upon the compound II pK a , with a unit increase in the pK a shifting the energetics of the system 1.37 kcal/mol toward the productive pathway (Fig. 1) .
For a given DG p , a change in the compound II pK a affects not only the energetics but also the kinetics of the system. The rate constant for nonproductive oxidations can be linked directly to E -I , which decreases (by 59 mV per unit) with increasing pK a . Thus, a highly elevated pK a can dramatically attenuate the rate of nonproductive decay.
Based on these arguments, we propose that a critical role of thiolate ligation in P450 is to alter the free energy landscape, shifting the relative free energy for the productive and nonproductive pathways to a regime where the rate constant for C-H bond activation dominates that for nonproductive decay.
Results from theoretical investigations and reactivity studies with model systems lend support to this hypothesis (16) (17) (18) (19) (20) , but an experiment (or experimental parameter) that could provide a quantitative measure of the thiolate's impact on P450 catalysis has proven elusive. In what follows, we report the identification of a P450 that can be prepared in the compound II form in high yield over a wide pH range. This discovery has allowed us to determine an iron(IV)hydroxide pK a precisely.
Determination of an Iron(IV)hydroxide pK a Iron(IV)oxo moieties are generally thought to be electrophilic in nature and hence rarely protonated. Although examples of synthetic ferryl porphyrins are numerous (21), a definitive characterization of a synthetic iron(IV)hydroxide has not been reported. The same is true for histidine ligated iron centers in peroxidase and globin enzymes. A battery of spectroscopic measurements have shown that the compound II forms of these enzymes have pK a values ≤3.5. They are best described as iron(IV)oxo species (22) . These results stand in stark contrast to those obtained for thiolate ligated heme systems, where only the iron(IV)hydroxide state has been observed (16) .
Although a number of spectroscopic investigations have confirmed the basic nature of thiolate ligated ferryls (15, 16, (23) (24) (25) (26) , poor yields and the inability to prepare compound II at high pH have precluded efforts to pinpoint the iron(IV)hydroxide pK a . Recently, we identified a P450 (CYP158 with a large, solvent exposed, active site) in which the compound II form of the enzyme can be prepared in high yield over a wide pH range.
CYP158 is one of 18 P450 enzymes found in the prototypic soil bacterium Streptomyces coelicolor (27, 28) . The enzyme is thought to play a role in the synthesis of secondary metabolites that afford S. coelicolor protection against the harmful effects of ultraviolet (UV) irradiation. During efforts to characterize high-valent intermediates in the catalytic cycle of CYP158, we found that compound II (CYP158-II) could be prepared by reacting ferric enzyme with meta-chloroperbenzoic acid (m-CPBA).
The use of m-CPBA, a two-electron oxidant, to prepare P450 compound II (which is only one oxidizing equivalent above ferric enzyme) can be understood in terms of the highly reactive nature of P450-I, which in the absence of substrate can strip an electron from the protein framework to form compound II and a protein-based radical (9-11): To avoid the uncoupling of redox equivalents during normal aerobic turnover, P450s rely on precise control of proton delivery. Two protons must be delivered to the distal oxygen of the reduced ferrous-oxy complex to generate compound I, while subsequent delivery of protons to the ferryl oxygen must be avoided to prevent its reduction to water (29, 30) . In substrate free enzyme, solvent-derived protons can readily access the iron(IV)oxo unit. The coupling of ferryl protonation to the reduction of compound I increases the driving force for oxidation of the protein framework. Under turnover conditions with substrates that fit poorly in the active site, these processes are known to lead to oxidase chemistry (31) (32) (33) . In rapid mixing experiments with m-CPBA, they can present a major obstacle to the isolation of P450-I (9-11). As we will show, CYP158 allows us to use this facet of P450 chemistry to our advantage.
The reaction of CYP158 with m-CPBA generates compound II in good yield in the pH range from 7 to 10, with maximum formation (>90%) ( fig. S1 ) occurring at pH 9. The intermediate is relatively stable at this pH, decaying at~0.01s
The UV/visible spectrum of CYP158-II at pH 9.0 is hyperporphyrin-like: It features a split Soret band with absorption maxima at 370 and 426 nm and Q bands at 532 and 565 nm (Fig. 2) . Mössbauer measurements confirm that this species is best described as an iron(IV)-hydroxide complex.
The 57 Fe Mössbauer spectrum of CYP158-II at pH 9 consists of a single quadrupole doublet (Fig. 3A) . Best fits of the data provide a quadrupole splitting of DE Q = 2.05 mm/s and an isomer shift of d = 0.10 mm/s. These values are in good agreement with Mössbauer parameters reported for other thiolate-ligated compound II species (23, 26) .
Given the high yield and stability of CYP158-II at pH 9, we wondered if the pH 9 intermediate could serve as a platform from which CYP158-II could be prepared at higher pH via rapid sequential mixing, allowing a well-bounded pK a measurement. Figures 2 and 3 show spectra of CYP158A-II samples prepared from pH 9.0 to pH 14.0. With increasing pH, the iron(IV)hydroxide complex converts cleanly to a new species. The UV/visible spectrum of the high pH intermediate is also hyperporphyrin-like, with absorption maxima at 371 and 437 nm and a single Q band centered at 545 nm. Mössbauer measurements at pH 13.3 again reveal the presence of a single iron(IV) species. This species has a reduced quadrupole splitting that is indicative of an iron(IV)oxo porphyrin (d = 0.09 mm/s, DE Q = 1.30 mm/s) (22) . Figure 2 reveals that the UV/visible spectra obtained as a function of pH possess multiple isosbestic points, indicating that pH-driven changes in the spectra result only from the hydroxo to oxo reaction. This result is consistent with our Mössbauer experiments (Fig. 3) as well as the observed decay upon tyrosine oxidation. The inset shows the relative free energies (DG rel ) (Eq. 5) for the productive and nonproductive pathways as a function of the compound II pK a for the range of aqueous tyrosine potentials. When DG rel is negative, the productive pathway is thermodynamically preferred. As a result of the T2 kcal/mol error in Eq. 2, a small range of tyrosine potentials could yield a given DG rel . The uncertainty in the solid lines as a result of this error is T0.1 V.
rates, which indicate that there is minimal degradation (<3% at pH 14) (fig. S3 ) during the time required for our measurements. Analyses of the data reveal that the iron(IV) species are in equilibrium: Plotting either the change in UV/visible absorbance or the relative concentration of the oxo species as a function of pH results in the pH titration curves shown in Fig. 4 . Fits of these curves provide an iron(IV)hydroxide pK a of 11.9. The reversibility of this transition was confirmed using triple-mix stopped-flow experiments, in which the oxo form (prepared at pH 13.5) was protonated to the hydroxo form (at pH 9) by an additional mixing stage with 1 M low-pH TrisHCl ( fig. S4) .
Given the extreme pH at which this transition occurs, could a pH-driven conformational change result in the loss of thiolate ligation and associated driving force for ferryl protonation? The observation of a split Soret band at high pH effectively rules out this possibility. A split Soret, or hyperporphyrin spectrum, is known to be a key indicator of thiolate ligation in heme proteins. The Soret band typically arises from porphyrin p −> p* electronic transitions, but in thiolateligated systems this band is split through interactions with a sulfur −> porphyrin charge-transfer band (34) . The two Soret bands at 371 and 437 nm in the UV/visible spectrum of the high-pH intermediate are the hallmarks of this interaction. Their presence indicates the retention of thiolate ligation at high pH.
Iron K-edge x-ray absorption measurements (Fig. 5) further confirm the retention of thiolate ligation and support the assignment of the compound II pK a . Both the high-and low-pH forms of the intermediate have an absorption edge that lies~1.5 eV above the ferric edge, consistent with the presence of an iron(IV) state. Fits of the extended x-ray absorption fine structure (EXAFS) data yield Fe-O/Fe-S distances of 1.68/2.36 Å at pH 13.3 and 1.84/2.27 Å at pH 9.0. The short Fe-O distance at pH 13.3 is indicative of an iron(IV)oxo species. With decreasing pH, the Fe-O bond length increases by 0.15 Å, consistent with protonation of the ferryl moiety (15) .
Examination of the CYP158 crystal structure suggests a number of candidates for the location of the protein-derived reducing equivalent that converts P450-I to P450-II in our rapid mixing experiments (27) (PDB accession code 1S1F). Chief among them is Tyr-352, a solvent-exposed residue, which is adjacent to the Cys-353 thiolate ligand ( fig. S5 ). Incorporation of a phenylalanine at this position, through site-directed mutagenesis, results in protein that generates P450-I in high (~80%) yield (figs. S6 to S8). Samples of the Y352F CYP158-I variant show the presence of residual compound II (~3%) as well as a protein-based radical (~5%). Both can be completely eliminated through the removal of a second tyrosine at position 318. The Y318F/Y352F variant shows increased CYP158-I production (~90% yield) and a compound I electron paramagnetic resonance spectrum that is devoid of protein radicals (figs. S6 to S8).
Using insights gained from these site-directed mutagenesis studies, we sought to determine the compound II pK a in a second P450. The reaction of the thermophilic CYP119 with m-CPBA is known to produce P450-I in high (~75%) yield: Compound II does not accumulate. Incorporation of a tyrosine residue at the position corresponding to that of Tyr-352 in CYP158 results in an L316Y CYP119 variant that generates compound II in high yield. Similar pH jump experiments set the pK a of the CYP119-II variant at 12.2 (figs. S9 to S12). Fig. 2 . UV/visible spectra of CYP158-II at varying pH. Samples were prepared in a double-mix stopped-flow experiment. Ferric CYP158 (30 mM, 10 mM Tris-HCl, pH 9.0) was first mixed with 150 mM m-CPBA and held until maximum formation of CYP158-II was achieved (2.5 s). This solution was then mixed with a strongly buffered solution (containing 200 mM phosphate, 200 mM carbonate, pH adjusted with KOH) to obtain the desired final pH. Mixing was 1:1:1. The inset shows a magnification of the 450-to 800-nm region. fig. S2 .
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It is conceivable that an electron-deficient residue adjacent to the proximal cysteine could diminish the electron-donating ability of the thiolate ligand, thereby decreasing the iron(IV)hydroxide pK a . However the solvent-exposed nature of the tyrosine residues under consideration renders this possibility unlikely. To alleviate any concerns that a neighboring Tyr-O• might suppress the compound II pK a from its natural value, density functional theory calculations were performed on an active-site model, using implicit solvation. These calculations, which examined the energy of ferryl protonation in the presence and absence of tyrosine oxidation, revealed that the Tyr-O• has little (if any) effect on the pK a of the iron(IV)hydroxide complex. When "solvated" in a dielectric continuum with dielectric constant e = 4.0 (a value typically chosen for the protein matrix) (35), the Tyr-O• suppresses the iron(IV)hydroxide pK a by only 0.3 units. In water (e = 80), the effect is less than 0.1 units (fig. S13) .
The observation of a similar compound II pK a (~12) in both CYP119 and CYP158 is important. These P450s have different active-site pockets and substrate preferences (27, 28, 36, 37) 
Implications for Reactivity and the Role of Thiolate Ligation in P450 Catalysis
A central question in the field of P450 catalysis has been the thiolate's role in hydrocarbon oxidations. A number of spectroscopic studies have revealed the impact of thiolate ligation on the electronic and geometric structures of the P450 active site. These investigations have provided clear evidence for the strong electron-donating character of the axial thiolate ligand (38, 39), but they have not provided a quantitative measure of the thiolate's impact on reactivity. A compound II pK a of~12 provides such a measure.
A pK a of~12 is notable for an iron(IV)hydroxide, given the (typically) electrophilic nature of ferryl species. The compound II pK a values reported here are at least 8.5 units higher than the pK a values of histidine-ligated hemes in peroxidase and globin enzymes. An increase of ≥8.5 units in the compound II pK a shifts the energetics of the system ≥11.5 kcal/mol toward the productive pathway (Eq. 5). This is illustrated in the inset of Fig. 1 , where DG rel is shown for the full range of aqueous tyrosine reduction potentials, indicated by the dashed gray lines (E Fig. 1 separates the low-and midpotential regions. It corresponds to the reduction potential of a solvent-exposed tyrosine. The incorporation of a tyrosine residue into the protein framework is expected to place its reduction potential near or above this value (40, 41) . The line at E -′ Tyr~1 .2 V separates mid-and highpotential regions: For tyrosines with reduction potentials above E -′ Tyr~1 .2 V, DG rel changes sign as the iron(IV)hydroxide pK a increases from 3.5 to 12. That is, with thiolate ligation, the productive pathway becomes thermodynamically preferred.
This behavior is not observed in the important midpotential region, which lies at the intersection of tyrosine potentials most likely to be found in P450s with those most readily oxidized by compound I. For these systems, with a compound II pK a of 3.5, nonproductive tyrosine oxidation is favored over C-H bond activation by an average of 14 kcal/mol. As the pK a increases, the energetics of the system shift toward the productive pathway. With a pK a of 12, the preference for the nonproductive pathway has been reduced to an average of only 3 kcal/mol.
We argue that this shift in the relative free energy places C-H bond activation in a regime of kinetic control. For a given DG p, a decrease of ≥11.5 kcal/mol in DG rel corresponds to a reduction of ≥0.5 V in E -I . This drop in reduction potential dramatically attenuates the rate constants for nonproductive oxidations, biasing the system toward C-H bond activation.
The impact of thiolate ligation on the nonproductive rate constants can be illustrated through the application of Marcus theory. Although originally proposed to describe outer-sphere electron transfer reactions, Marcus theory has been shown to be applicable to a broad range of PCET processes (42, 43) , with the rate constant for PCET being given by Eq. 6 Mössbauer spectroscopies (red) yield the same pK a value of 11.9. UV/visible data points were obtained from the change in absorbance at 423 nm (Fig. 2) . Mössbauer data points were obtained from the ratio of the areas of the iron(IV)oxo and iron(IV)hydroxide subspectra ( fig. S2 ).
Where DG is the driving force for the reaction, g is the intrinsic barrier (44) , and A is a function of the coupling between the donor and acceptor states. Examinations of the intra-and intermolecular oxidations of tyrosine and substituted phenols have revealed that g is large in these systems. Analyses of reactions employing oxidants with reduction potentials as high as 1.3 V indicate that 2g >> DG (13, (45) (46) (47) . Given PCET within this regime, Eq. 7 (derived in eqs. S1 to S19) allows a comparison of rate constants for nonproductive oxidation by compound I species, k np , as a function of compound II pK a values.
Implicit in the derivation of Eq. 7 is the assumption of an invariant driving force for productive substrate oxidations (i.e., DG p ). Equation 7 can be used to determine the magnitude by which thiolate ligation suppresses nonproductive oxidations. Inserting DpK a ≥ 8.5 (the difference between histidine-and thiolate-ligated compound II pK a values) into Eq. 7 reveals that (relative to histidine ligation) thiolate ligation providesceteris paribus-a >10 , 000-fold reduction in the rate constant for nonproductive oxidations. The ability of thiolate ligation to suppress these nonproductive pathways is of critical importance given the apparent endergonic nature of C-H bond activation.
The O-H bond strength of P450-II is unknown, but theoretical methods predict that cleavage of an unactivated C-H bond by P450-I is~6 kcal/mol endergonic (48) . To achieve similar energetics, a histidine-ligated compound I would require a oneelectron reduction potential of at least 1.4 V, yielding DG np~0 .2 to 0.5 V for the tyrosine potentials displayed in Fig. 1 . Experiments on biological and synthetic model systems possessing similar driving forces have shown that the oxidation of tyrosines by long-range intramolecular PCET can be rapid, with experimentally determined rate constants ranging from 10 4 to 10 6 s −1 (12, 13, 49) . The preceding analysis suggests that thiolate ligation lowers rate constants of even this magnitude to less than 50 s
, making them noncompetitive with C-H bond activation (<5% uncoupling). Thus, we argue that thiolate ligation buys time for P450-I to accomplish endergonic oxidations, creating what is effectively a controlled burn of inert organic compounds.
Our analysis provides insight into the absence of histidine-ligated P450-like enzymes in nature. The degree of uncoupling (via the nonproductive oxidation of aromatic residues) in such a system would be unsustainable. Oxidations by the ferryl intermediates of nonheme enzymes such as AlkB, SyrB2, and TauD (50) (51) (52) (53) and by the 5′-deoxyadenosyl 5′-radical of radical SAM enzymes (54-56) appear to be additional examples of this scheme in action (57-60). 
